Mycolates are a-branched, b-hydroxylated, longchain fatty acid specifically synthesized in bacteria in the suborder Corynebacterineae of the phylum Actinobacteria. They form an outer membrane, which functions as a permeability barrier and confers pathogenic mycobacteria to resistance to antibiotics. Although the mycolate biosynthetic pathway has been intensively studied, knowledge of transcriptional regulation of genes involved in this pathway is limited. Here, we report that the extracytoplasmic function sigma factor r D is a key regulator of the mycolate synthetic genes in Corynebacterium glutamicum in the suborder. 
Introduction
Corynebacterium glutamicum, a gram-positive, facultative anaerobic bacterium, is a workhorse of the industrial amino acid production. Its potential for producing valuable compounds using biotechnology has attracted increasing interest in the field of applied microbiology (Kumagai, 2000; Hermann, 2003; Inui et al., 2004a; Wendisch et al., 2006; Smith et al., 2010) . In addition, the bacterium is important as a non-pathogenic model organism for closely related pathogenic bacteria, such as Corynebacterium diphtheriae and Mycobacterium tuberculosis.
C. glutamicum belongs to the suborder Corynebacterineae of the phylum Actinobacteria. A characteristic of bacteria in this suborder, which includes the genera Corynebacterium, Mycobacterium, Rhodococcus and Nocardia, is their mycomembrane. This outer layer, containing a-branched, b-hydroxylated, long-chain fatty acids known as mycolic acids (MAs), corresponds to the outer membrane of gram-negative bacteria and functions as an outer permeability barrier (Jarlier and Nikaido, 1990; Gebhardt et al., 2007) . The mycomembrane is a bilayer: the inner part comprises MA covalently linked to arabinogalactan, a heteropolysaccharide, which is in turn covalently linked to the cell wall consisting of peptidoglycan, while the outer part comprises MA linked to trehalose and other lipids and proteins (Supporting Information Fig. S1 ). MA chain lengths differ among genera [reviewed in (Marrakchi et al., 2014) ].
The MA synthetic pathway ( Fig. 1 ) was intensively studied using the C. glutamicum system as a model because this bacterium is viable without MA, unlike mycobacteria (Portevin et al., 2004) . Fatty acids, components of MA, are synthesized by two eukaryotic multifunctional fatty acid synthases in C. glutamicum: FAS-IA and FAS-IB Schweizer and Hofmann, 2004) . In mycobacteria, fatty acids synthesized by FAS-I are elongated by the bacterial-type multicomponent fatty acid synthase FAS-II [reviewed in (Bhatt et al., 2007; Marrakchi et al., 2014) ], which is absent from the C. glutamicum genome Yukawa et al., 2007) . A fatty acid carboxylated by acyl-CoA carboxylase and that activated by acyl-AMP ligase are condensed and transferred to trehalose by polyketide synthase, yielding MA precursor, 2-alkyl-3-keto mycolate linked to trehalose (Portevin et al., 2004; Trivedi et al., 2004; Portevin et al., 2005) (Fig. 1) . Genes encoding the acyl-CoA carboxylase subunit (AccD3), the acyl-AMP ligase FadD2 and the polyketide synthase Pks constitute an operon (fadD2-pks-accD3) broadly conserved among Corynebacterineae and essential for MA synthesis (Portevin et al., 2004; Portevin et al., 2005) . The Pks reaction product 2-alkyl-3-keto mycolate linked to trehalose is subsequently reduced to trehalose mono(coryno)mycolate (TM[C]M) by the reductase CmrA (Lea- Smith et al., 2007) (Fig. 1) . TMCM is exported by MmpL transporters out of the cytosol (Varela et al., 2012) and transferred by mycolyltransferases to another TMCM, forming trehalose dicorynomycolate (TDCM), or to arabinogalactan on the cell wall (Belisle et al., 1997; Jackson et al., 1999; Puech et al., 2002) .
Six orthologous mycolyltransferases (Cop and Cmt1-5) are encoded in the C. glutamicum genome (nomenclatures for genes encoding acyl-CoA carboxylase subunits and mycolyltransferases are listed in Supporting Information Tables S1 and S2) (Brand et al., 2003; De Sousa-D'Auria et al., 2003; Gande et al., 2007) . Their redundant function in TDCM synthesis was demonstrated for Cop, Cmt1 and Cmt2 (Brand et al., 2003) . Cell envelope fractionation revealed five mycolyltransferases in the mycomembrane fraction (Marchand et al., 2012) . Porins, channel-forming proteins in the mycomembrane, play an important role in the passage of hydrophilic solutes (Lichtinger et al., 1998; Costa-Riu et al., 2003; H€ unten et al., 2005; Marchand et al., 2012) (Supporting Information Fig. S1 ). Recently, the cationspecific porin PorAH (Barth et al., 2010) was identified as novel substrates of the mycolyltransferase Cmt1 (Huc et al., 2013) (Fig. 1 ). This post-translational modification with MA is essential for channel activity (Huc et al., 2013; Rath et al., 2011) .
MA synthesis is regulated at the fatty acid synthesis step. Fatty acid synthase genes are transcriptionally regulated in response to acyl-CoA in C. glutamicum and mycobacteria (Nickel et al., 2010; Salzman et al., 2010; Mondino et al., 2013; Irzik et al., 2014; Tsai et al., 2017) . Moreover, FAS-II components in M. tuberculosis are post-translationally regulated by Ser/Thr protein kinase-mediated phosphorylation (Molle et al., 2006; Bhatt et al., 2007; Slama et al., 2011; Vilcheze et al., 2014) . Recently, it has been reported that the fatty acyl-AMP ligase FadD2 activity was also regulated by Ser/ Thr phosphorylation (Le et al., 2016) . However, to our knowledge, no transcription factor has been reported to be directly involved in regulating genes responsible for MA synthesis and transfer (Nataraj et al., 2015; Dautin et al., 2017) .
Extracytoplasmic function (ECF) sigma (r) factors play a pivotal role in environmental stress responses in bacteria by switching RNA polymerase target promoters (Lonetto et al., 1994; Helmann, 2002) . ECF r factor activities in many bacteria are negatively regulated by protein-protein interactions with their cognate anti-r factors, which are, in most cases, encoded in the same operon as r factor genes. Anti-r factors are subjected to conformation change or proteolysis in response to The r D regulon in C. glutamicum 313 environmental stress (Campbell et al., 2008; Ho and Ellermeier, 2012) , releasing bound r factors to drive expression of the r factor regulon. (Kim et al., 2005; Nakunst et al., 2007; Park et al., 2008; Ehira et al., 2009; Busche et al., 2012; Toyoda et al., 2015) , their exact target promoter sequences and genes directly transcribed from these promoters (regulons) have only recently been identified, revealing new roles for these r factors (Toyoda et al., 2015; Toyoda and Inui, 2016) . However, the role of r D is still unknown, although this r factor's overexpression promotes microaerobic growth (Ikeda et al., 2009 
Results
Identification of r D -binding regions and r
D -dependent promoter sequence
Although r D is broadly conserved among Corynebacterium genomes (P atek and Ne svera, 2011), in our previous genome annotation of C. glutamicum R, a strain with industrial potential (Inui et al., 2004a; 2004b; Yukawa et al., 2007) , the N-and C-terminal r D parts were separately encoded by two consecutive ORFs, cgR_0718 and cgR_0719, respectively, and lacked the 15 central amino acids (Yukawa et al., 2007) . Resequencing the corresponding genomic region revealed that thymine at position 197 with respect to the sigD start codon was wrongly deleted in the previous sequence, leading to misannotation. Thus, full-length r D sharing 96% and 99% identity at the nucleic acid and amino acid levels, respectively, with the ortholog in ATCC 13032, a type strain of C. glutamicum , is encoded in the strain R genome.
To identify the r D regulon, we performed ChIP-chip analysis using a strain expressing r D with an N-terminal FLAG tag in the wild-type background, as was previously done to identify r H and r C regulons (Toyoda et al., 2015; Toyoda and Inui, 2016) . Growth of the resulting strain in nutrient-rich medium was comparable to that of the parent strain. At the late log phase, cells were fixed with formaldehyde and used for ChIP-chip analysis, revealing 14 ChIP-chip peaks (Supporting Information Fig. S2 ). ORFs neighboring the peaks are listed in Table 1 . accD2 (cgR_0827) and fadD2 (cgR_2761) products are involved in fatty acid activation for condensation by Pks [encoded by pks (cgR_2760)] into an MA precursor. accD2 forms an operon with accE (cgR_0826) and pks probably forms an operon with fadD2 and accD3 (cgR_2759). Acyl-CoA carboxylase composed of two b-subunits AccD2 and AccD3 and the a-subunit AccBC and E-subunit AccE is required for fatty acid carboxylation during MA synthesis, whereas acetyl-CoA carboxylase which synthesizes malonyl-CoA for fatty acid synthesis is composed of one different b-subunit AccD1 (cgR_0828) and the same a-and E-subunits (AccBC and AccE) (Gande et al., 2004; Gande et al., 2007) (Fig. 1) . cop (cgR_2761), cmt1 (cgR_0433) and cmt2 (cgR_2764) encode mycolyltransferases. These putative r D regulon members suggest that r D regulates MA synthetic pathway including its precursor fatty acid synthesis and its transfer to final products (Fig. 1) . The gene cluster fadD2-pks-accD3 may form an operon, but the ChIP-chip peak found upstream of pks suggests a different transcriptional unit. Another ChIP-chip peak was found upstream of the porHA operon, encoding PorAH. This porin requires modification with MA for its function (Huc et al., 2010; Rath et al., 2011) . This modification is mediated by Cmt1 (Huc et al., 2013) , which is suggested to be under the control of r D according to our ChIP-chip analysis (Table 1) . This suggests that r D also regulates genes encoding proteins modified with MA. The remaining ChIP-chip peaks flanked genes with unknown functions. The 250-bp regions around the center of the ChIPchip peaks were analyzed with MEME (Bailey et al., 2009) to find a conserved motif. This analysis yielded a bipartite sequence motif, 5 0 -GTAAC-N17(16)-CGAT-3 0 (Supporting Information Fig. S3 ), which presumably corresponds to the 235 and 210 promoter regions recognized by r D (Table 1 ). This promoter-like motif was found in all ChIP-chip peak regions. The two elements of the promoter-like sequences identified using ChIPchip analysis were conserved in orthologous genomic regions of ATCC 13032 (Table 1) . Promoters found around strain R-specific genes are described in the Supporting Information (Text. S1).
The promoter motif was identified in the ChIP-chip peak region upstream of porH, but it was on the antisense strand (Supporting Information Fig. S4 ). The intergenic region length between porH and its upstream gene 
c.
Nucleotides not conserved in the type strain ATCC 13032 are indicated in lowercase.
d.
The promoter-like sequence is on the antisense strand of the gene closest to the sequence.
e.
The promoter-like sequence is in the intragenic or downstream region of the gene closest to the sequence.
f.
The sequence is strain R-specific, not encoded in the type strain ATCC 13032.
g.
TSPs were determined by RNA-seq .
The r D regulon in C. glutamicum 315 groEL2 and position of the r D -dependent promoter motif in the region were conserved between strains R and ATCC 13032. No gene was annotated on the same strand downstream of the promoter, implying that the promoter, if functional, drives non-coding RNA transcription.
To examine the promoter-like sequence functionality, transcriptional start points (TSPs) of genes neighboring ChIP-chip peaks were determined using 5 0 -RACE.
Because the TSPs mapped immediately downstream of the promoter-like motifs (Table 1) , the motif is a functional r D -dependent promoter. TSPs for promoter-like motifs located downstream of cgR_0178 and upstream of porH were not determined. The r D -dependent promoter was also found to be associated with a ChIP-chip peak in the intragenic region of sigD (cgR_0718 and cgR_0719), and cgR_0720, encoding a putative membrane protein, is encoded downstream of sigD with a 1-bp overlap between the start and stop codons. This suggests that sigD and cgR_0720 form an operon and that cgR_0720 is additionally transcribed from the r D -dependent promoter in sigD. Several r factor genes form an operon with a gene encoding a cognate anti-r factor (Staro n et al., 2009) interacting with the r factor to inactivate it. Of C. glutamicum ECF r factors, r H and its anti-r factor
RshA are encoded by the sigH-rshA operon, and rshA is separately regulated by a r H -dependent promoter in the sigH intragenic region (Busche et al., 2012; Toyoda et al., 2015) , suggesting r H negative feedback autoregulation. To examine whether the protein encoded by cgR_0720 functions as an anti-r factor of r D , like RshA in the r H -RshA system, the expression profile of the cgR_0720-deletion mutant was compared with that of the wild type using a microarray. Compared with the wild type, 56 and 9 (excluding cgR_0720) genes were significantly (P < 0.05) upregulated and downregulated, respectively, in the deletion mutant (Supporting Information Table S3 ). Except for porH, which showed 1.6-fold upregulation, all putative r D regulon genes were upregulated by more than twofold in the cgR_0720-deletion mutant compared with in the wild type (Table 2) . Together with the genomic context, we propose that cgR_0720 encodes the anti-r D RsdA and have designated the ORF as rsdA (Regulator of Sigma D) according to previous studies (Kang et al., 1999; Song et al., 2003; Sklar et al., 2010) . Based on microarray analysis, cgR_0718 expression (encoding the N-terminal region of r D ) in the rsdA mutant, in which the r D -dependent promoter is activated, was lower than that in the wild type, whereas that of cgR_0719 (encoding the C-terminal region of r D ) was more than twofold higher. This discrepancy is likely attributable to the fact that the microarray probe designed for cgR_0719 is located downstream of the r D -dependent rsdA promoter in sigD. Based on the value obtained from the cgR_0718 probe, sigD expression in the rsdA mutant was downregulated to 60% of that in the wild type. RACE analysis revealed the TSP of sigD at the guanine 117 bp upstream of its start codon, TTG. The primary sigma factor r A -dependent promoter motif, not r D -dependent one, was found upstream of the TSP, indicating that sigD is not subject to autoregulation.
Transcriptome analysis of strains either deficient in or overexpressing sigD expands the r D regulon
To examine the effects of sigD deletion or overexpression on transcriptional profiles, we constructed the sigD deletion mutant and a strain overexpressing sigD by introducing pCRC646, which carries sigD under the control of the tac promoter and LacI. Microarray analysis revealed that compared with in the wild type, 18 (excluding r D -encoding cgR_0718 and cgR_0719) and 27
genes were downregulated and upregulated, respectively, in the sigD deletion mutant (Supporting Information Table S4 ). Of the r D regulon identified by ChIP-chip analysis, rsdA, the putative cgR_1180-1179 operon, cgR_1999 and cgR_2225 were downregulated by more than twofold by sigD deletion, while expression of other regulon genes was largely unaffected (Table 2 ), suggesting that different r D regulon genes had different dependence on the r D -dependent promoter for their expression. sigD overexpression was induced by supplementing exponentially growing cells with isopropyl b-D-1-thiogalactopyranoside (IPTG). As a negative control, a strain culture carrying the vector pCRB12iP alone was supplemented with IPTG. Transcriptional profiles before and 15 min after supplementation were compared using microarray analysis. After excluding genes whose expression changed by more than 1.8-fold by IPTG supplementation in the negative control, 41 (excluding r D -encoding cgR_0718 and cgR_0719) and 7 genes were significantly upregulated and downregulated, respectively, by sigD overexpression (Supporting Information Table S5 ). Of 27 genes upregulated in both sigD-overexpressing strain and the rsdA deletion mutant (Supporting Information Tables S3 and S5 ), 11 were not detected by ChIPchip analysis. Inspection of their upstream regions revealed a r D -dependent promoter-like sequence, with one or two mismatches or a longer spacer between the 210 and 235 regions upstream of seven genes: cgR_0478, cgR_0522, cgR_0619, cgR_1023, cgR_1027, cgR_2386 and cgR_2758 (Tables 1 and 2) . Of the 27 genes, six (underlined in Table 2 ) were downregulated in the sigD mutant compared with in the wild type, suggesting strong dependence of their expression on r D , although two (cgR_0619 and cgR_2386) of them were not detected by ChIP-chip analysis.
Because cgR_1023 (cmt3) and cgR_2063 (cmt4) of the five mycolyltransferase genes upregulated by rsdA deletion or sigD overexpression (Supporting Information  Tables S3 and S5) share 98% identity at the nucleic acid level (Supporting Information Fig. S5A ), it is impossible to directly demonstrate using microarray techniques whether both genes or either gene is upregulated by r (Table 1) . Thus, four mycolyltransferase genes -cop, cmt1, cmt2 and cmt3 -in C. glutamicum were directly regulated by r D .
The porHA operon was upregulated by sigD overexpression, although the r D -dependent promoter was on the antisense strand upstream of the operon (Supporting Information Fig. S4 ). Similar ECF r factor-mediated upregulation involving an antisense promoter was observed in our previous study on r C (Toyoda and Inui, 2016) . To investigate the significance of the r D -dependent promoter sequence on porH expression, we introduced chromosomal mutations into the 210 region (CGAT > CCTT) of the r D -dependent promoter identified upstream of porH, yielding the mutant strain PporHmut. Similarly, we constructed a mutant strain, PfadDmut, by introducing the same mutations into the 210 region of the promoter identified upstream of fadD2 as a control strain for examining the effect of the mutations in the r D -dependent promoter on r D -dependent expression. We examined the effects of sigD overexpression in these strains on porH and fadD2 expression. Consistent with microarray analysis results, sigD overexpression in the wild type upregulated porH and a. Genes forming putative operons are hyphenated. b. Genes whose expression was significantly affected by sigD deletion, rsdA deletion and sigD overexpression are underlined. c. Relative ratios of transcript levels in the sigD deletion mutant to those in the wild type determined by DNA microarray analyses are shown in the base 2 logarithm. d. P-values for relative ratios were determined with Student's t-test. e. Relative ratios of transcript levels in the rsdA deletion mutant to those in the wild type determined by DNA microarray analyses are shown in the base 2 logarithm. f. Relative ratios of transcript levels in the sigD-overexpressing strain after IPTG induction to those before the induction determined by DNA microarray analyses are shown in the base 2 logarithm.
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fadD2 expression approximately by fivefold and threefold, respectively, after 15 min IPTG supplementation (Fig. 2) . Conversely, sigD overexpression had no effect on porH expression in PporHmut or on fadD2 expression in PfadDmut. This demonstrates that the promoter motif identified functions as a r D -dependent promoter and that the promoter on the antisense strand upstream of porH is required for r D -dependent porH upregulation. Although the molecular mechanism underlying the upregulation is unknown, we include the porHA operon in the r D regulon. RNA-seq analysis detected no sRNA downstream of the r D -dependent promoter sequence , although an antisense sRNA overlapping the porH start codon was detected. Expression of pks encoded downstream of fadD2 was not affected by the mutations in the fadD2 promoter, supporting the idea that pks is separately expressed from its own promoter, which is also regulated by r D (see below).
We also found the antisense r D -dependent promoter in the intragenic region of cgR_2502, encoding the adenylosuccinate lyase PurB, which was downregulated by sigD overexpression (Supporting Information Table  S5 and Fig. S6 ). Thus, the r D regulon comprising 26
(including purB) genes under the control of 18 r Ddependent promoters was identified (Tables 1 and 2) . Moreover, three in vivo interactable r D -dependent promoters were identified. Two (around cgR_0438 and cgR_0657) promoter-like sequences are strain Rspecific and the last one found downstream of cgR_0178 was conserved in ATCC 13032, but its downstream region was strain-specific (Table 1 , Supporting Information Text S1 and Fig. S7 ). In addition, transcriptome analysis revealed a r D -dependent promoter-like sequence upstream of cgR_2758, an 84-bp short ORF, located downstream of the fadD2-pks-accD3 cluster (Table 1 and Supporting Information Text S1).
Although most MA synthetic genes were under the control of r D (Fig. 1, bold italic letters) , genes involved in other related processes were not. These include reduction of the MA precursor 2-alkyl-3-keto mycolate linked to trehalose, transport of TMCM out of the cytosol and synthesis of the MA acceptors arabinogalactan and trehalose. TLC analysis of lipids extracted with organic solvents revealed that the TDCM amount extracted from the sigD deletion mutant was markedly lower and that from the rsdA deletion mutant was markedly higher than the amount from the wild type (Fig. 3) . Thus, modification of r D regulon expression indeed affects MA synthesis. Pks is essential for MA synthesis (Portevin et al., 2004) . As a negative control, extractable lipids from pks gene deletion mutants constructed in the wild type or rsdA deletion mutant background were analyzed, confirming that neither TDCM nor TMCM was present in extracts from these mutants (Fig. 3) .
To examine the importance of the r D -dependent upregulation of pks by sigD overexpression for MA augmentation, we constructed the mutant strain Ppksmut by introducing chromosomal mutations inactivating the r Ddependent pks promoter, using the method described above for constructing PporHmut. pks expression in Ppksmut was lower than that in the wild type carrying the vector alone, even before IPTG induction, indicating that the r D -dependent promoter was active and contributed to pks expression during exponential growth ( Fig. 4) . Although pks expression in the wild type was upregulated by almost twofold by sigD overexpression, it was unchanged in Ppksmut, confirming the inactivation of the r D -dependent pks promoter (Fig. 4) . pks expression in the control strains carrying the vector only was not affected by IPTG supplementation. For lipid analysis, sigD overexpression was induced with IPTG at the exponential phase and incubated overnight. Consistent with pks expression, TLC analysis revealed that the TDCM amount extracted from Ppksmut, with or without sigD overexpression, was reduced compared with that extracted from the wild type (Fig. 4) . The TDCM amount extracted from PfadDmut was slightly lower than that extracted from the wild type, but higher than that extracted from Ppksmut. This demonstrates that r Ddependent expression of the gene cluster fadD2-pksaccD3, and especially pks, is required for wild-type level MA synthesis in C. glutamicum. An unknown compound with an Rf value higher than that of TDCM was detected from PfadDmut and Ppksmut with sigD overexpression, implying that fatty acid derivatives that would be used for MA synthesis in the wild type accumulated in the outer layer of the mycomembrane because of sigD overexpression.
r D is important for lysozyme resistance
To understand physiological significance of the r D regulon, we examined the drug sensitivity of the sigD mutant. Minimum inhibitory concentrations (MICs) of vancomycin and cephalothin were lower for the sigD mutant than for the wild type. MICs of imipenem, meropenem and rifampicin were slightly lower for the sigD mutant than for the wild type, whereas those of kanamycin and ampicillin were comparable for both strains (Supporting Information Table S6 and Fig. S8 ). In contrast, MIC of vancomycin was higher for the rsdA mutant than for the wild type. These findings suggest that r D regulon expression affects susceptibility to antibiotics targeting peptidoglycan synthesis. Indeed, the sigD mutant was much more susceptible to lysozyme than the wild type (Fig. 5A ), while the rsdA mutant was more resistant. Similarly, sigD overexpression conferred lysozyme resistance to the wild type (Fig. 5B) . Thus, the r D regulon is involved in lysozyme resistance. As C. glutamicum is known to be highly resistant to lysozyme, decrease of OD by cell lysis occurred slowly. Lumps were observed in the culture before cell lysis, causing large variation in OD values. During the disk diffusion assay, we observed that the diameter of the zone of inhibition after 24 h incubation was almost comparable for all strains. However, after longer incubation (50 h), a second zone, probably caused by lysis, appeared around the first inhibition zone created after 24 h. Consistent with strain susceptibility to lysozyme, the diameter of the second zone of the sigD mutant was larger than that of the wild type, while that of the rsdA mutant was smaller (Supporting Information Fig. S9 ). Ethambutol reduces the MA amount covalently linked to arabinogalactan by inhibiting the arabinofuranosyltransferase Emb, involved in arabinan polymerization . Disruption of cop, which encodes a mycolyltransferase regulated by r D , rendered C. glutamicum highly susceptible to ethambutol (Takeshita The r D regulon in C. glutamicum 319 et al., 2010). A mutant deficient in MA synthesis owing to a lack of all trehalose synthetic pathways was more susceptible to ethambutol (Gebhardt et al., 2007) . Consistent with these observations, the MIC of ethambutol for the sigD mutant, in which MA synthesis is compromised, was slightly lower than that for the wild type (Supporting Information Table S6 ). The MA synthesis deficiency of the mutant devoid of all trehalose synthetic pathways increased the mutant's sensitivity to the lipophilic antibiotic erythromycin compared with its parent strain (Gebhardt et al., 2007) . In contrast, the sigD mutant was slightly more resistant to erythromycin than the wild type and the rsdA mutant was more sensitive (Supporting Information Table S6 and Fig. S8 ).
L,D-transpeptidase encoded by cgR_2386 is a key factor conferring lysozyme resistance
We first posited that the increased lysozyme resistance of the rsdA mutant and sigD-overexpressing strain was due to enhanced MA production, which formed a more rigid permeability barrier. To examine this, we constructed the mutant strain PfadDpksDrsdA by introducing chromosomal mutations inactivating r D -dependent promoters into fadD2 and pks promoters in the rsdA mutant. Because the pks deletion mutant exhibited a severe growth defect, it was not used for the lysozyme sensitivity test. The expression of fadD2 and pks in the rsdA mutant was higher than that in the wild type, whereas that in PfadDpksmutDrsdA was almost half that in the wild type, demonstrating that the mutations inactivated the r D -dependent expression of the two genes (Supporting Information Fig. S10A ). TLC analysis of extractable lipids from PfadDpksmutDrsdA revealed that the TDCM amount was significantly lower than that of the rsdA mutant and wild type (Supporting Information  Fig. S10B ). The growth of the mutant was slower than that of the parent rsdA deletion mutant, suggesting that r D regulon upregulation without accompanying MA augmentation is detrimental to the cell (Fig. 6) . Similarly, the growth of a mutant strain with the same mutations in the promoters of pks and fadD2, but in the wild-type background, was strongly inhibited upon sigD overexpression induction (Supporting Information Fig. S11A ). Due to the growth defect, it is difficult to judge the lysozyme sensitivity of the promoter mutant strain based on the growth profile. However, the lysozyme susceptibility of PfadDpksmutDrsdA was still lower than that of the wild type (Figs 5 and 6), indicating that in addition to MA augmentation, changes caused by rsdA deletion may be involved in the lysozyme resistance of the rsdA mutant. cgR_2386 (lppS), one of the six genes whose expression exhibits strong r D dependence (Table 2 , underlined), encodes L,D-transpeptidase (LDT), which is involved in crosslink formation in peptidoglycans. In contrast to penicillin-binding protein (PBP)-derived D,D-transpeptidase, which crosslinks glycan chains by forming 4-3 peptide bonds connecting residues at the third and fourth positions of stem peptides, LDT forms a crosslink between the third positions of stem peptides (Mainardi et al., 2005) . Mycobacterium smegmatis mutants lacking LDT-encoding genes exhibited higher lysozyme sensitivity than the wild type (Sanders et al., 2014) . We posited that r D -dependent expression of lppS, which is the sole LDT-encoding gene in the C. glutamicum genome, modifies peptidoglycan structure and lysozyme sensitivity. Supporting this, a deletion mutant of lppS exhibited strong lysozyme sensitivity, stronger than the sigD mutant ( Fig. 7A left and Supporting Information Fig. S9 ), whereas it showed wild-type growth under non-stressed conditions. As lppS deletion had no effect on the extractable lipid amount (Fig. 3) , LppS protein is not involved in MA synthesis, thus expanding the biological role of r D . lppS overexpression conferred lysozyme resistance to the sigD mutant, with only a slight effect in the wild type (Fig. 7B ), but the lppS-overexpressing strain derived from the sigD mutant was still more sensitive than the wild type (Fig. 7B) . Inactivation of the r D -dependent lppS promoter in the rsdA mutant by chromosomal mutation resulted in lppS downregulation, as did sigD deletion (Supporting Information Fig. S10A ). The rsdA mutant with the inactivated lppS promoter was slightly more susceptible to lysozyme than the parent rsdA mutant, but more resistant than the sigD mutant (Fig. 8) . Moreover, a double-deletion mutant of lppS and rsdA was more resistant to lysozyme than the singledeletion mutant of lppS (Fig. 7A right and Supporting  Information Fig. S9 ). These findings indicate that r D regulon components other than lppS contributed to lysozyme resistance of the rsdA mutant. Finally, the mutant in which all r D -dependent promoters (pks, fadD2
and lppS) were inactivated was more susceptible to lysozyme than the rsdA mutant and its derivatives with the mutated pks and fadD2 promoters (Figs 6 and 8 right), indicating that MA synthesis augmentation and peptidoglycan structure modification contribute to lysozyme resistance of the rsdA mutant. Introduction of the mutations into the three r D -dependent promoters in the wildtype background reduced the extractable TDCM amount (Supporting Information Fig. S10B ), but had no effect on lysozyme susceptibility of the parent wild type strain (Fig. 8 left) .
During the course of sigD overexpression experiments, we observed that sigD overexpression had a negative effect on growth, especially rsdA mutant growth. The colony formation unit (CFU) value of the rsdA mutant carrying the sigD-overexpressing plasmid was greatly reduced compared with that of the mutant carrying the vector alone on The r D regulon in C. glutamicum 321 agar plates containing IPTG, whereas the CFU value of the sigD-overexpressing wild type was comparable to that of the vector control strain (Supporting Information Fig.  S11B ). In the absence of IPTG, the CFU value of the rsdA mutant was not affected by the sigD-overexpressing plasmid. Thus, overexpression of r D without negative feedback via anti-r D RsdA upregulation is toxic to C. glutamicum, indicating the importance of the feedback regulation.
Discussion
The MA derivative TDM, known as cord factor (Hunter et al., 2009) , is a toxic lipid extractable from the cell surface of M. tuberculosis, causing immune responses. As MA is essential for Mycobacterium species, MA synthesis was extensively investigated as a drug target. However, its physiological significance in non-pathogenic bacteria has not been demonstrated. No transcription factor directly involved in regulating MA synthetic genes, including the polyketide synthase gene cluster and mycolyltransferase genes, has been reported for any bacterium. Our findings that genes that constitute the MA synthetic pathway are under the control of r D pave the way for understanding physiological functions of MA in the suborder Corynebacterineae.
The ECF r factor r D r D orthologs are broadly encoded among the genomes of Corynebacterium species (P atek and Ne svera, 2011), except for Corynebacterium amycolatum and Corynebacterium lactis. These species do not carry the fadD2-pks-accD3 cluster (pks cluster) or produce MA (Soltan Mohammadi et al., 2013; Wiertz et al., 2013) . This is consistent with the r D function in MA synthesis regulation. In these bacteria, the sigD-rsdA operon is deleted from the corresponding genomic region without affecting adjacent gene context. Exceptions are Corynebacterium kroppenstedtii (Tauch et al., 2008a) and Corynebacterium urealyticum (Tauch et al., 2008b) . In the C. kroppenstedtii genome, the r D ortholog is encoded, but not the pks cluster. In contrast, in the C. urealyticum genome, the pks cluster is encoded, but not the r D ortholog. We used the MEME suit program Find Individual Motif Occurrences (FIMO) (Grant et al., 2011) to search for the r D consensus promoter motif in the upstream regions of r D regulon orthologs, including the sigD-rsdA operon, the pks cluster, mycolyltransferaseencoding genes located upstream of the pks cluster, and LDT-encoding gene in the genomes of Corynebacterium species (Supporting Information Table S7 ). The promoter sequence was perfectly conserved in sigD orthologs, even in C. kroppenstedtii, lacking the pks cluster, indicating that r identified the target promoter sequence 5 0 -GTAAC-N17-18-CGAT-3 0 (Rodrigue et al., 2007) , which is consistent with that found in this study for C. glutamicum r D , indicating that the recognition promoter sequence for r D orthologs is broadly conserved. Therefore, we performed FIMO analysis to search for the sequence in the upstream regions of orthologous genes of the C. glutamicum r D regulon in bacteria in the suborder Corynebacterineae (Supporting Information Table S7 ). The gene cluster fadD2-pks-accD3 is broadly conserved among these bacteria, as was described (Portevin et al., 2004) . The r D -dependent promoter sequence was found upstream of either or both pks and fadD2 orthologs in Nocardia and Rhodococcus. More than one mycolyltransferase is encoded upstream of the fadD2-pksaccD3 cluster in these bacteria. The promoter sequence was also found upstream of the Cmt2 ortholog genes. Moreover, the promoter sequence was conserved upstream of the genes encoding LDT, suggesting that r D orthologs in these genera play a role similar to that of C. glutamicum r D . Except for lppS, the r D regulon genes identified by transcriptome analysis, but not by ChIP-chip analysis (Table 2) , were limitedly conserved in the genus Corynebacterium.
In addition to MA synthesis, r D regulated, using the antisense promoter, the porHA operon encoding porin. PorA and PorH are modified with MA by the mycolyltransferase Cmt1 (Huc et al., 2013) , which was also identified as the r D regulon. The third protein modified by Cmt1 has been recently identified as a short protein encoded by cgR_2501 (cg2875 in ATCC 13032) (Issa et al., 2017) . Intriguingly, both rsdA deletion and sigD overexpression resulted in cgR_2501 upregulation (Supporting Information Tables S3 and S5) . Although a r Ddependent promoter motif was not found around cgR_2501, expression of the proteins (PorA, PorH and cgR_2501) so far identified to be modified by MA is likely regulated by r D . We found the r D -dependent promoter motif on the antisense strand in the intragenic region of cgR_2502 (Table 1 and Supporting Information Fig. S6 (Levefaudes et al., 2015) . Whereas L,D-transpeptidase likely influences the rigidity of the peptidoglycan by shortening the distance between chains (Desmarais et al., 2013) , DAP amidation by LtsA orthologs modifies the peptide charge and likely inhibits lysozyme access (Levefaudes et al., 2015) . The ltsA deletion mutant showed much stronger lysozyme sensitivity than the lppS deletion mutant (Hirasawa et al., 2000; Levefaudes et al., 2015) , indicating that intrinsic lysozyme resistance of C. glutamicum is attributable to LtsA. The ECF sigma factor r D is probably required for modification of the resistance. sigD overexpression in the rsdA mutant was highly toxic (Supporting Information Fig. S11B ), indicating that negative feedback autoregulation of r D via rsdA induction is physiologically important. This is consistent with the strong promoter sequence conservation in the intragenic region of sigD in the Corynebacterium species (Supporting Information Table S7 ). Fig. S12 ).
In mycobacteria, the activity of membrane-bound antir factors, including RsdA, is controlled by regulated intramembrane proteolysis (RIP), consisting of successive proteolysis by site 1 and site 2 proteases (Sklar et al., 2010; Schneider et al., 2014) , as that of the antir factor RseA for E. coli r E (Alba et al., 2002; Kanehara et al., 2002) . Of the five ECF r factors (r Bacillus subtilis r V confers lysozyme resistance by inducing peptidoglycan modifying enzymes (Guariglia-Oropeza and Helmann, 2011; Ho et al., 2011) . The cognate anti-r factor RsiV directly binds to lysozyme (Hastie et al., 2014) . Its conformational change upon binding likely allows signal peptidases to digest it as a site-2 protease substrate (Hastie et al., 2014) , resulting in r V activation.
Identifying signaling molecules mediating RsdA regulation by RIP, thereby allowing r D regulon induction, warrants further investigation.
Relevance to amino acid excretion MA in C. glutamicum functions as a permeability barrier to limit amino acid excretion (Gebhardt et al., 2007) . As trehalose is an acceptor of 2-alkyl-3-keto mycolate formed by the polyketide synthase Pks (Gavalda et al., 2014) , a mutant deficient in all trehalose synthetic pathways does not produce MA (Tzvetkov et al., 2003; Tropis et al., 2005) . This mutant produces glutamate (Gebhardt et al., 2007) without any manipulation, such as biotin limitation or treatment with penicillin or fatty acid ester surfactants, either of which is required for glutamate excretion from the wild type (Shiio et al., 1962; Takinami et al., 1965; Nunheimer et al., 1970) . These cell manipulations reduced MA content (Hashimoto et al., 2006) . Cell treatment with ethambutol also resulted in reduction of MA amount and induced glutamate production . The same treatment was applied to enhance the whole biotransformation rate of lipophilic substrates (Yun et al., 2012) . However, total MA loss, either by inactivation of all trehalose synthetic pathways or deletion of pks, is detrimental for C. glutamicum growth (Portevin et al., 2004; Gebhardt et al., 2007) . In contrast, sigD deletion or inactivation of r D -dependent promoters upstream of MA synthetic genes resulted in reducing the MA amount in mycomembranes without a large growth defect. Such genetic modifications may enable better substrate and product transport during biotechnological production using C. glutamicum.
Experimental procedures
Bacterial strains, plasmids, oligonucleotides and culture conditions
Strains and plasmids used are listed in Supporting Information Table S8 . Oligonucleotide primers used are presented in Supporting Information Table S9 . For genetic manipulation, E. coli strains were grown in lysogeny broth at 378C. C. glutamicum strains were precultured in nutrient-rich A medium (Inui et al., 2004b) with 4% glucose at 338C overnight; cells were cultivated in 100 ml A medium with 1% glucose in 500 ml flasks at 338C and 180 r.p.m. To test lysozyme sensitivity, precultured cells were cultivated in 10 ml A medium with 1% glucose in test tubes (25 3 200 mm) at 338C. Lysozyme (Wako Pure Chemical Industries, Ltd., Osaka, Japan) was freshly dissolved in sterilized distilled water at 20 mg ml
21
. When appropriate, media were supplemented with antibiotics. Final antibiotic concentrations for E. coli were 50 lg ml 21 ampicillin and 50 lg ml 21 kanamycin; for C. glutamicum, 50 lg ml 21 kanamycin was used.
Mutant strain construction
The FLAG coding sequence was introduced into the 5 0 end of sigD by overlapping PCR using overlapping primer pairs (Supporting Information Table S9 ), as previously described (Toyoda et al., 2011) . The resulting DNA fragment was cloned into the suicide vector pCRA725 (Inui et al., 2004a) . Similarly, for constructing deletion mutants of genes of interest, upstream and downstream regions of target genes were amplified and fused by PCR and resulting fragments were cloned into pCRA725. For pCRC647-653 (Supporting Information Table S8 ), a different fusion method was used. For example, to construct the pCRC647 plasmid used for introducing mutations into the 210 region of the porH promoter, the upstream and downstream regions of the promoter were separately amplified using PcgR_2618_FWxba-PcgR_2618invRV and PcgR_2618invFWmut-PcgR_2618RVxba. Prior to PCR, PcgR_2618invRV and PcgR_2618invFWmut were phosphorylated using T4 polynucleotide kinase and ATP. The two resulting DNA fragments, with sense or antisense strand phosphorylation, were ligated with T4 DNA ligase. Ligated DNA was used as a template to amplify the upstream and downstream regions of the promoter as one DNA fragment. After restriction digestion and gel excision, the amplified DNA fragment was cloned into pCRA725. These suicide plasmids were introduced into C. glutamicum by electroporation. Mutant screening using the conditional lethal effect of sacB on pCRA725 was performed as described previously (Inui et al., 2004a) . Tag and mutation introduction into the chromosome was confirmed by directly sequencing PCR products of corresponding regions, and respective gene deletion was confirmed by PCR.
ChIP-chip analysis C. glutamicum cultures expressing FLAG-tagged r D at the late exponential phase (OD 610 2.5) were fixed with formaldehyde. ChIP-chip analysis was performed as described previously (Toyoda et al., 2015) using a customized microarray with 60-mer oligonucleotide probes covering the entire chromosome at every 170 bases on average. Plot creation of log2 ratios against probe location, ChIP-chip peak extraction and genomic location determination of peaks were performed using MochiView version 1.46 software (Homann and Johnson, 2010) .
Gene overexpression
To construct strains overexpressing sigD or lppS, corresponding coding regions were amplified by PCR using primers listed in Supporting Information Table S9 . The PCR product was cloned into the IPTG-inducible vector pCRB12iP, carrying the LacI repressor gene lacI q and tac promoter (Toyoda et al., 2013) , yielding pCRC646 for sigD and pCRC652 for lppS. Gene overexpression was induced by supplementing the exponentially growing culture with 0.5 mM IPTG.
RNA extraction and transcriptome analysis
Total RNA was purified using NucleoSpinV R RNA (MACHEREY-NAGEL, D€ uren, Germany), according to the manufacturer's instructions. Purified RNA was further treated with DNaseI (Takara Bio, Inc., Otsu, Japan), ethanol-precipitated and suspended in water as described previously (Takemoto et al., 2015) . Transcriptome analysis was performed as described previously (Toyoda et al., 2015) . Comparative analysis of gene deletion or overexpression mutants with the wild type was performed using the Agilent platform high-density microarray used for ChIPchip analysis (Toyoda et al., 2015) and a custom microarray (designated as open reading frame [ORF] array) containing only ORF-specific oligonucleotide probes (Takara Bio, Inc.) (Toyoda and Inui, 2016) . cDNAs were reverse transcribed from 10 lg total RNA and labeled with cyanine 3 and cyanine 5 using the SuperScript TM Indirect cDNA Labeling system (Life Technologies, Carlsbad, CA, USA). Hybridization, washing and microarray slide scanning were performed according to the array types as described previously (Toyoda and Inui, 2016) . Scanned images were quantified with Feature Extraction Software 10.5.5.1 (Agilent Technologies, Inc., Santa Clara, CA, USA). Feature extraction data were normalized using GeneSpring GX v 12.5 (Agilent). Statistical significance was calculated using a two-tailed Student's t-test.
qRT-PCR
qRT-PCR was performed using the 7500 Fast Real-Time PCR System (Applied Biosystems, Inc., Foster City, CA, USA) and Power SYBRV R Green PCR Master Mix with MuLV Reverse Transcriptase and RNase Inhibitor from the GeneAmp RNA PCR Kit (Life Technologies) as described previously (Toyoda et al., 2008) . Primers listed in Supporting Information Table S9 were used. The comparative threshold cycle method (Life Technologies) was used to quantify relative expression. Relative ratios were normalized with the value for 16S rRNA.
5
0 -RACE TSPs of the r D regulon were determined using 5 0 -RACE as described previously (Toyoda et al., 2013) . Briefly, total RNA extracted from the sigD-overexpressing strain was poly(A)-tailed, and cDNA was synthesized using the SMARTer TM RACE cDNA Amplification Kit (Clontech Laboratories, Inc., Mountain View, CA, USA) with the supplied oligo-dT anchored primer. The cDNA was amplified using the Universal Primer A (supplied with the kit) and gene-specific primers (Supporting Information Table S9 ). The PCR products were cloned into the pGEM-T Easy vector (Promega Corporation, Madison, WI, USA).
Lipid analyses
Cells from an overnight culture were collected by centrifugation and stored at 2208C. Strain cultures overexpressing sigD were supplemented with 0.5 mM IPTG 4 h after starting cultivation and recovered after overnight incubation. Non-covalently bound lipids, including TMCM and TDCM, were extracted from cells with CHCl 3 and CH 3 OH according to previous studies (Puech et al., 2000; Lan eelle et al., 2015) . Cells were resuspended in CHCl 3 /CH 3 OH (1:2) and incubated at room temperature overnight; they were then successively incubated overnight with CHCl 3 /CH 3 OH (1:1) and (2:1). Organic phases were pooled and evaporated to dryness. Extracts were resuspended in 1 ml chloroform and transferred to preweighed HPLC vials and evaporated with N 2 gas. Extracted lipids were resuspended in chloroform at a 20 mg ml 21 concentration. The same amount of extracted lipid was separated using thin-layer chromatography (TLC) on silica gel 60 F 254 (Merck KGaA, Darmstadt, Germany) developed with CHCl 3 /CH 3 OH/H 2 O (30:8:1). Lipids were revealed by spraying plates with 0.2% anthrone (w/v) in concentrated H 2 SO 4 , followed by heating.
Minimum inhibitory concentrations
MICs for antibiotics were determined using the E-test strip (BioM erieux, Marcy l' Etoile, France). Bacterial lawns were formed on agar plates of A medium (containing glucose) by overlaying an exponentially growing culture diluted in prewarmed A medium containing 1% glucose and 0.75% agar to OD 610 5 0.05. After drying, strips were placed on agar plates. Plates were incubated at 338C for 26 h and then scanned.
Motif search
Conservation of the r D -dependent promoter motif in the genomes of bacteria in the suborder Corynebacterineae was tested using the MEME suit program FIMO (Supporting Information Table S7 ) (Grant et al., 2011) . The position probability matrix for the r D -dependent promoter motif was obtained using MEME (Bailey et al., 2009 ) from the promoter sequences in Table 1 , except ones with 18 bp spacer. Based on this matrix, three matrices with different spacer length (16-18) were generated and used as input motifs. Sequences encompassing 540 bp upstream and 60 bp downstream regions of the start codons of the r D regulon orthologs were used as input sequences. The cut off Pvalue was set at 1.00 E -03 and only given strand was scanned. The promoter motif was also manually searched for in the input sequences.
Accession numbers
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